Five to 20% linear sucrose gradients were used to obtain sedimentation patterns of mycobacterial ribosomes, ribosomal subfractions, and ribonucleic acid (RNA) preparations. Classical 705 ribosomes were obtained when 10-' M magnesium chloride was used. These, when dialyzed against 104 M MgCl2, yielded typical 50S, 30S, and smaller ribosomal subunits. The 30S subunits were the most immunogenic under these conditions. A ribosomal preparation containing subunits which varied from 2.5 to 40S was fractionated by collecting five fractions from a sucrose gradient; based upon the amount of nucleic acid present, the fraction containing the 40S particles was most immunogenic. Physical and chemical evidence suggested that mycobacterial RNA preparations extracted with 65% ethyl alcohol from the ribosomes and diluted in distilled water, were either double-stranded, or mostly doublehelical, or had a highly organized secondary structure. This was based on the following observations. (i) Native RNA was resistant to trace amounts of ribonuclease.
YOUMANS AND YOUMANS are employed. It will also be shown that, when the concentration of magnesium chloride is lowered, these 70S particles break up into the classical 50 and 30S as well as smaller subunits. Finally, we wish to stress that our concern in this paper with the characteristics of preparations containing ribosomal subunits, rather than with 70S particles, is solely because the preparations containing subunits have appeared more immunogenic (38) . Our primary interest is in characterizing immunogenic material, not in preparing and characterizing such classical bacterial structures as ribosomes.
MATERIALS AND METHODS Mycobacterial cultures. The attenuated H37Ra
strain of Mycobacteriwn tuberculosis was used as the source of the ribosomal and RNA preparations. The highly virulent H37Rv strain of M. tuberculosis was used to challenge mice. Both strains were maintained, and the suspensions made, as described previously (41) .
Preparation of ribosomal subunits and RNA. These were done as described in detail previously (41) . Briefly, the particulate fraction was obtained by differential centrifugation of ruptured viable H37Ra cells. A given concentration (50 mg/ml, wet weight) was added to an equal volume of 0.5% sodium dodecyl sulfate (SDS) at room temperature. This was recentrifuged at 144,700 X g for 3 hr to sediment the ribosomes. To obtain 70S ribosomes without some dissociation into 50 or 30S subunits, it was necessary to use 10-1 M MgCl2 in the sucrose buffer in which the cells were ruptured instead of the 10" M MgCl2 used by other investigators (7, 8, 37) . The 70S ribosomes were dialyzed overnight against a solution containing 10-4 M MgCl2. After dialysis, the material was recentrifuged at 144,000 X g to sediment the 50 and 30S particles. RNA was prepared from the ribosomal fraction by ethanol precipitation, a modification of the method of Crestfield et al. (6) .
Chemical and physical methods. The preparations were standardized by measurement of absorbance at 260 to 280 nm with a Beckman DU-2 spectrophotometer and by the orcinol method of Dische as discussed by Ashwell (1) by using mycobacterial RNA as the standard. Protein was determined by the method of Lowry et al. (23) with crystalline bovine albumin as a standard. The quality of each preparation of RNA was determined by the per cent increase in hyperchromicity of a ribonuclease hydrolyzed portion, as described earlier (41) . The tests used to determine whether the RNA was single or double stranded were based primarily on those of Lampson et al. (19) and were as follows. (a) A small amount of ribonuclease (0.2 ,ug/20 ,ug of RNA) was used upon native RNA and upon RNA which had been heat denatured at 110 C for 7 to 8 min and then placed in ice to prevent reannealing of the strands. After the ribonuclease was added to each of these two samples, and to single-stranded yeast RNA, absorption readings at 260 nm were taken at 5-min intervals at room temperature to observe increase in hyperchromicity. (b) Three per cent formaldehyde was added to an equal volume (40 ,g/ml) of mycobacterial RNA and to yeast RNA and incubated at 35 C for 4 hr; controls were included in which water was added instead of formaldehyde. The absorption of each was measured at 5-nm intervals from 220 through 280 nm. (c) The effect of formaldehyde, in a concentration of 2.76%, upon the thermal transition point (Tm) of the RNA preparation was determined. (d) The approximate Tm was also measured in two ionic concentrations of 0.15 M NaCl plus 0.015 M sodium citrate (SSC), pH 7.0, and 0.1 SSC.
The base composition of the RNA was determined by a modification of the paper chromatography method of Bendich, by using an isopropanol-hydrochloride solvent system (3).
Sucrose gradients. Linear 5 to 20% sucrose gradients were prepared approximately 18 hr before use and refrigerated.
Volumes of 0.4 and 0.5 ml containing 2.0 and 2.5 mg of ribosomal fraction and RNA, respectively, were layered upon the gradients. Alkaline phosphatase, used as a point of reference, was contained in a volume of 0.1 ml and was layered on top of the ribosomal and RNA preparations. Before use, the alkaline phosphatase was diluted 1:10 with 1.0 M this (hydroxymethyl)aminomethane (Tris) buffer, pH 8.0, and dialyzed against Tris buffer for 24 hr to remove the ammonium sulfate present.
It was necessary to use 10-l M MgCI2 in the 5 to 20% sucrose gradients to obtain 70S ribosomes without some dissociation into 50 and 30S subunits. After dialysis and recentrifugation at 144,000 X g for 3 hr, the 50 and 30S subunits were centrifuged in 5 to 20% sucrose gradients containing 104 M MgC12. The centrifugations were done for 1.5 hr in a SW-39 Spinco rotor at 39,000 rev/min. Two markers were used, alkaline phosphatase, and an 80S mammalian brain ribosomal marker (20) (kindly supplied by Terry C. Johnson).
Since we had found that by using higher concentrations of magnesium ions the particulate fractions were not as immunogenic (38) , smaller ribosomal subunits were obtained by centrifugation of the ribosomal preparations in sucrose gradients to which no magnesium ions had been added.
The ribosomal subunit preparations other than the 50 and 30S were centrifuged at 39,000 rev/min in a Spinco SW-39 rotor for 2 hr, and the RNA preparations were spun for 4 hr. At the end of this time, the gradients were collected manually from the bottom by gravity flow by using a very short 20-gauge needle to puncture the bottom of the tube. Each 2-drop fraction was collected in 3 ml of distilled water, and the adsorption of each was measured at 260 nm. Alkaline phosphatase was measured by using freshly prepared 0.001 M p-nitrophenyl phosphate in 1.0 M Tris buffer, pH 8.0. In the assay, 0.1 ml of sucrose gradient fraction was added to 3.0 ml substrate mixture and read at 410 nm, after 10 min of incubation at room temperature.
The (31) have been shown by others to be present in the H37Ra strain (7, 8, 34) . We also have isolated these structures ( Fig. 1 ). In Fig. 1 , when the S values were calculated by using either of the two markers, the values were similar. The 80S standard was centrifuged on a separate 5 to 20 % sucrose gradient at the same time and in the same rotor as the 70, or the 50 and 30S particles. Under these conditions, the 30S subunits were the most immunogenic. A spectrum of mycobacterial ribosomal subunits containing approximately 67% RNA and 33%0 protein were formed in the presence of 0.25% SDS in 0.01 M phosphate and 10-4 M magnesium chloride, pH 7.0. These were fractionated also by centrifugation by using a 5 to 20c% linear sucrose gradient. The patterns observed were similar to that shown in Fig. 2 . A major faster moving peak, which consisted of particles approximately 20S, and a minor peak, which consisted of subunits approximately 7-9S, were obtained. There was some variation between the preparations since the particles in the ranges of 40, 30, 25, 22, and, a very small particle, 2.55 were not always present. Noll and Stutz (27) have obtained similar subunits from Escherichia coli ribosomes. The low concentration of magnesium ions was used because we had found that higher concentrations of magnesium in the buffer decreased the immunogenic activity of the particulate fraction (38). Hosokawa et al. (17) found also that by using 10-4 M magnesium ions, 40 and 23S subunits were formed.
Many of the chemical characteristics of these ribosomal preparations have been given previously (38, 39, 41, 43) . In addition, an electron micrograph of equivalent preparations has been published by us (43) . The gradient shown in Fig. 2 Base composition of mycobacterial ribosomal RNA. The relative amount of each of the bases was determined and the data was pooled from several experiments. There was 21.7% adenine (A), 23.8% cytosine (C), 31.8% guanine (G), and 22.6% uracil (U) present. The A to U ratio was 0.96%; the G to C ratio was 1.3, the purine to pyrimidine ratio was 1.15; the G plus C to A plus U ratio was 1.26; and the G plus U to A plus C ratio was 1.2. These values were similar to those found by others for Mycobacterium (Corynebacterium) vadosum Kras, but varied a little from the values found for the bovine strain (Bacillus Calmette Guerin) and the saprophytic strain, M. phlei (2) .
General characteristics of mycobacterial RNA preparations. (14, 33) . Tm of the RNA. The RNA was diluted in SSC and in 0.1 SSC buffers. The Tm value of mycobacterial RNA in SSC buffer was greater than 85 C. Generally, there was little change in the ultraviolet absorption at 260 nm until 50 to 60 C where an increase in absorption occurred. The Tm of the RNA diluted in 0.1 SSC was approximately 55 C (Fig. 4) . Single-stranded yeast RNA was treated in a similar fashion, and there was little difference between the Tm values obtained by using these two buffers; the value was approximately 50 to 55 C. These results again provided evidence which suggested that mycobacterial RNA might be double stranded (14, 15, 16) .
After reaching 100 C, the RNA had a hyperchromicity of approximately 28%. The tubes were cooled in ice to determine whether there might be a hypochromic effect from the final reading at 100 C. There was a slight decrease of about 4 to 5 %. In contrast, if the RNA were cooled gradually at room temperature, a marked hypochromic effect occurred so that the optical density reading was almost the same as that originally observed in the SSC buffer; however, there was no hypochromic effect if the RNA were diluted with the 0.1 SSC buffer. This was in line with what would be expected if mycobacterial RNA were double stranded, as yeast RNA (13) dropped about 5% in the SSC buffer and none in the 0.1 SSC buffer.
Formaldehyde was added to an equal volume of the RNA (40 ,ug/ml), diluted in SSC buffer, so that the final concentration of formaldehyde (Fig. 4) Sedimentation patterns of RNA preparations with 5 to 20% linear sucrose gradients. The sedimentation pattern of RNA preparations washed three times with ethyl alcohol-sodium chloride solution is given in Fig. 6 . This was characterized by a single major peak which was collected in the 14th to 19th fractions. The S value, depending on the preparation, varied from 14 to 19. A minor peak was present in approximately the 25th fraction and had an S value of approximately 6. The approximate molecular weight, therefore, of the larger component would be around 300,000 as determined by the method of Martin and Ames (24) . RNA preparations giving this type of sedimentation pattern were more stable and were of good quality with little or no degradation since the increase in hyperchromicity was 30 to 34%. This was the preparation which appeared to contain double-stranded RNA as determined by the chemical and physical tests mentioned earlier. In addition, it was consistently highly immunogenic (41) .
The RNA preparations were divided into 5 fractions (Fig. 6) , and each fraction was assayed for immunogenicity. The pooled data from three experiments are given in Table 2 . The immunogen again appeared to be spread throughout the gradient as each dose protected a significant number of mice as compared with the control nonvaccinated mice. Analysis of the data, however, revealed marked differences. As was noted with the ribosomal fraction I, the lower vaccinating dose of the RNA fraction III containing the 15 to 16S RNA components was significantly more immunogenic (P = <0.025) than its higher vaccinating dose. Fraction II, having RNA-protein complexes varying from 16.5 to 20S, had a relatively low degree of immunogenic activity which was similar to that obtained with the higher vaccinating dose of fraction III. It may be that particles in this size range adversely affected the animal in some manner. This was also indicated by the fact that the lighter fraction IV was significantly (P = <0.025) more immunogenic than fraction II. Again, as was found with 49  46  90  88  89  87  85  88  80  88  78  78  88  90   37  25  40  32  26  20  19  21  32  34  25  20  19  7   76  54  44  36  29  23   22b   24  40  39  32  26  22   8b   155   9S   6.35 the ribosomal fractions, the smallest RNA components did not appear as efficient in producing an immune response. In none of the fractions, considering the amount of nucleic acid injected, did the immune responses equal that obtained with the unfractionated RNA preparations.
In an attempt to find a diluent that would stabilize the RNA-protein complexes more than distilled water, three other buffers were used. The sedimentation patterns of the RNA-protein complexes diluted in each of the three buffers on sucrose gradients were obtained, and the immunogenic activity of each preparation was determined.
If the RNA-protein preparations were diluted in 0.01 M phosphate buffer, pH 7.0, containing 104 M magnesium chloride, the sedimentation pattern changed (so that under these circumstances the major peak generally appeared in about the 10th fraction with an approximate S value of 20. There was a lower peak which was consistent in position and contained particles of approximately 6S. The presence of the phosphate and magnesium ions, therefore, apparently caused some aggregation of the larger particles (18) , but this did not affect the immunogenic activity.
If the RNA-protein complexes were diluted with SSC buffer, a different sedimentation pattern was noted (Fig. 7 ). There were a major peak, which was collected in the 26th fraction and had an S value of approximately 5, and some very minor peaks, which were collected approximately between the 5th and 18th fractions and had S values which varied from 12 In addition, there was an apparent relationship between ribosomal particle size, size of the RNAprotein complexes, and immunogenic activity. By the use of salt buffers and fractionation on sucrose gradients of each preparation, it was found that the larger molecular complexes were more efficient in producing a high immune response than the smaller complexes. The 25 to 40S ribosomal subunits and the 15 to 16S RNA-protein complexes were the best inducers of an immune response. Thus, these two groups of subunits are apparently related. In this connection, Kurland (18) reported that the 30S ribosomal subunits from E. coli yielded a mixture of 16-and 23S-RNA components in various proportions. Lessie (21) has shown, however, that ribosomal RNA extracted from Rhodopseudomonas spheroides did not contain the 23S component but only the 16S component, except when higher concentrations of magnesium ions were used. In accordance with their results, we have not observed the 23S RNA component except when the RNA protein preparations were diluted in a phosphate-MgCl2 buffer or in SSC buffer.
Venneman and Bigley (32) and Venneman et al. (33) have recently published results using ribosomal fractions and RNA preparations from Salmonella typhimurium to vaccinate mice. They found that each preparation produced an immunity similar to that obtained with living cells and that the degree of immunity was not affected by proteolytic enzymes. However, they found that ribonuclease did not reduce the immunogenic activity; they did not find a correlation between particle size and immunogenic activity, for the immunogen appeared evenly spread throughout the sucrose gradient. In addition, Freund's incomplete adjuvant was unnecessary for immunogenicity. It is possible that the ribosomal immunogens obtained from the two microorganisms may produce immune responses which are mediated by different mechanisms. Winston and Berry also have prepared immunogenic ribosomal vaccines from both Staphylococcus aureus and Pseudomonas aeruginosa (35, 36) .
